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ABSTRACT Polycrystalline (Na0.5Sb0.5)TiO3 was prepared
using a high-temperature solid-state reaction method. An XRD
analysis indicated the formation of a single-phase monoclinic
structure. Complex impedance studies revealed the presence of
grain boundary effects from 300 ◦C onwards. Also, the dielec-
tric relaxation in the system was found to be of a non-Debye
type. The ac conductivity data were used to evaluate the density
of states at the Fermi level, the minimum hopping length and ac-
tivation energy of the compound. The dc electrical and thermal
conductivities of grain and grain boundary have been assessed.
The correlated barrier hopping model was found to successfully
explain the mechanism of charge transport in (Na0.5Sb0.5)TiO3.
PACS 72.20.Ee; 77.22.Ch; 77.22.Gm; 77.84.Dy; 81.05.Je
1 Introduction
Lead-bearing compounds, PbTiO3, Pb(Zr, Ti)O3,
Pb(Mg1/3Nb2/3)O3, are widely used for capacitor, pyroelec-
tric and piezoelectric applications. Recently, European leg-
islation on waste electrical/electronic equipment has been
issued. The use of hazardous substances such as lead in elec-
trical parts is prohibited from 2006 [1]. To meet this require-
ment the search for alternative environment friendly lead-
free materials, for these applications have become the focal
theme of current research. In recent years a number of per-
ovskite ABO3-type lead-free materials have been studied for
the potential application [1–15]. Sodium bismuth titanate,
(Na0.5Bi0.5)TiO3 (NBT) is considered to be an excellent can-
didate as a key material for lead-free piezoelectric ceramic,
which shows strong ferroelectric properties [10, 11, 16–20].
NBT belongs to the perovskite family (ABO3-type) with
rhombohedral symmetry at ambient temperature. The recent
work on the identical compounds (Na0.5La0.5)TiO3 [14] and
(Na0.5Bi0.5)ZrO3 [15] showed excellent electrical properties.
One such ceramic in this series is perovskite (Na0.5Sb0.5)TiO3
(NST). The material is mechanically tough and lead-free.
Residual conductivity in the bulk of the grains of such
systems has been found to be around 10−7 S m−1 in the oper-
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ating temperature region [15]. The high insulating property is
mainly due to the fact that grain boundaries in the dielectric
material act as high resistive barriers for the cross transport
of charge carriers. Therefore proper understanding of the ef-
fect of grain boundaries for evaluating overall behaviour of
the ceramic samples is important. Complex impedance spec-
troscopy (CIS) has been recognized as a non-destructive pow-
erful technique to study the microstructure and the electrical
properties of solids [21]. Thus, the dynamics of ionic move-
ment and contributions of various microstructure elements
such as grain, grain boundary and interface polarization to
total electric response in polycrystalline solids can be identi-
fied by this technique. It also enables us to evaluate the nature
of dielectric relaxation and the relaxation frequency of the
material.
An extensive literature survey indicated that no attempt,
to the author’s knowledge, has so far been made to study
(Na0.5Sb0.5)TiO3. The present work is an attempt to study the
role of grain and grain boundaries on the electrical behaviour
of NST and their dependence on temperature and frequency
using complex impedance spectroscopy technique. The struc-
tural, microstructural, dielectric, impedance and ac conduc-
tivity studies on NST ceramic have been presented. Also, an
attempt has been made to explain the conduction mechanism
in the system.
2 Experimental
(Na0.5Sb0.5)TiO3 was obtained from AR grade
(99.9%+ pure) chemicals (Na2CO3, Sb2O3 and TiO2) by a
solid-state synthesis route in accordance with the following
thermo-chemical reaction at 1100 ◦C for 4 h:
0.25 Na2CO3 +0.25 Sb2O3 +TiO2 ∆−→ (Na0.5Sb0.5)TiO3 .
(1)
A circular disc shaped pellet having a thickness = 0.97 mm
and diameter = 10.11 mm was made by applying an uniax-
ial stress of 6 MPa. The pellet was subsequently heated at
1150 ◦C under oxygen for 3 h. Completion of the reaction
and the formation of the desired compound were checked by
X-ray diffraction techniques. The XRD spectra were taken
on calcined powders of NST with an X-ray diffractome-
ter (Siemens D500) at room temperature, using Co Kα ra-
diation (λ = 1.7902 Å), over a wide range of Bragg angles
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(20◦ ≤ 2θ ≤ 80◦) with a scanning speed of 2◦ min−1. The
microstructure of the sintered NST sample was taken on
the fractured surface using a computer controlled scanning
electron microscope (JEOL-JSM840A). The electrical meas-
urements were carried out on a symmetrical cell of type
Ag|NST|Ag, where Ag is a conductive paint coated on ei-
ther side of the pellet. Electrical impedance (Z), phase angle
(θ), loss tangent (tan δ) and capacitance (C) were measured
as a function of frequency (0.1 kHz–1 MHz) at different tem-
peratures (40–500 ◦C) using a computer-controlled LCR Hi-
Tester (HIOKI 3532-50), Japan. The ac conductivity data was
obtained from impedance data, using a relation σac = t/(AZ ′)
where Z ′ is the real part of impedance, t and A are the thick-
ness and area of the sample, respectively.
3 Results and discussion
3.1 Structural and microstructural studies
Figure 1 shows the XRD-profile of NST at room
temperature. A standard computer program (POWD) was uti-
lized for the XRD-profile analysis. Good agreement between
the observed and calculated inter-planer spacing and no trace
of any extra peaks due to constituent oxides, were found,
thereby suggesting the formation of a single-phase compound
having a monoclinic structure. The lattice parameters were
found to be: a = 4.077(5) Å, b = 9.233(0) Å, c = 6.524(1) Å
and β = 91.266◦ with an estimated error of ±10−3 Å. The unit
cell volume was estimated to be 245.56 Å3. The average crys-
tallite size of NST was estimated from some strong reflections
of low 2θ values of XRD profile using Scherrer’s equation:
Phkl = 0.89λ/β1/2 cos θ , (2)
where β1/2 = peak width of the reflection at half height and
was found to be about 7 nm. The criterion adopted for evalu-
ating the rightness, reliability of indexing and the structure of
compound was the sum of differences in observed and calcu-
lated d-values [i.e. ∑∆d = ∑(dobs −dcalc)] which were min-
imized using least square refinement technique. Inset Fig. 1 il-
lustrates the enlarged version of the representative (100) peak.
A Gaussian model was applied to analyse the curve.
I = Io + (A/w
√
π/2) exp[−2{(θ − θc)/w}2] , (3)
where A, w and θc are respectively the area, width and center
of the curve. The fitting parameters as obtained for NST are
FIGURE 1 Indexed X-ray diffraction pattern of NST at room temperature.
Inset: enlarged view of the (100) peak with a Gaussian fit
FIGURE 2 SEM micrograph of (Na0.5Sb0.5)TiO3 at 2 µm magnification
Io = 12.1131, A = 73.4467, w= 0.239 and θc = 25.3612. The
value of regression coefficient (R2) was found to be 0.9895.
Figure 2 shows the SEM-micrograph of NST at 2 µm
magnification. Grain shapes are clearly visible, indicating the
existence of a polycrystalline microstructure. The grain of un-
equal sizes appears to be distributed throughout the sample.
The average grain size was estimated to be about 0.5 µm. The
ratio of average crystallite size to the grain size of NST is
found to be of the order of 10−2.
3.2 Dielectric study
Figure 3 shows the frequency dependence of the
real (ε′) and imaginary parts (ε′′) of the dielectric constant
FIGURE 3 Frequency dependence of the real and imaginary parts of the
dielectric constant for NST at different temperatures
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FIGURE 4 Temperature dependence of the real and imaginary parts of the
dielectric constant for NST at different frequencies
at several temperatures. It is observed that ε′ follows an in-
verse dependence on frequency, normally followed by almost
all dielectric/ferroelectric materials. Also, the value of ε′′
decreases with an increase in frequency in the low tempera-
ture region, while at higher temperatures, it finds a minimum
which shifts to the high frequency side. Furthermore, the pat-
tern presents the dispersion in the lower frequency region. The
Debye formula giving the complex permittivity, related to the
free dipole oscillating in an alternating field, is given by:
ε∗ = ε′ − iε′′ = ε∞ + εs − ε∞1+ iωτ . (4)
The real part of ε is given by
ε′ = ε∞ + εs − ε∞1+ (ωτ)2 , (5)
where εs and ε∞ are the low and high frequency values of
ε
′
, ω = 2π f , f being the frequency of measurement and
τ the relaxation time. A relatively high dielectric constant
at low frequencies is a characteristic of a dielectric mate-
rial. At very low frequencies (ω  1/τ), dipoles follow the
field and we have ε′ ≈ εs (value of dielectric constant at
quasi static fields). As the frequency increases (with ω <
1/τ), dipoles begin to lag behind the field and ε′ slightly
decreases. When the frequency reaches the characteristic fre-
quency (ω = 1/τ), the dielectric constant drops (relaxation
process) and at very high frequencies (ω 	 1/τ), dipoles can
no longer follow the field and thereby ε′ ≈ ε∞. Qualitatively,
the same behaviour is observed in the material studied in
the present work as shown in Fig. 3. Figure 4 presents the
thermal response of ε′ and ε′′ at different frequencies for
NST. It is observed that the value of ε′ increases while ε′′
finds a maxima which shifts to the higher temperature side
with the increase of frequency in the investigated temperature
range.
3.3 Impedance study
Figure 5 shows the variation of the real part of
impedance (Z ′) with frequency at various temperatures. It is
observed that the magnitude of Z ′ decreases on increasing
FIGURE 5 Variation of real part of impedance of NST with frequency at
different temperatures. Inset shows the representative plot at 400 ◦C
FIGURE 6 Variation of the imaginary part of impedance of NST with fre-
quency at different temperatures. Inset shows the scaled imaginary part of
impedance with frequency at different temperatures
temperature, and the frequency shows a negative tempera-
ture coefficient of resistance (NTCR) type behavior of the
NST, indicating an increase in ac conductivity with the rise
in temperature and frequency. A representative curve (inset
Fig. 5) indicates that the system has a grain boundary con-
tribution also. The loss spectrum (Fig. 6) is characterized by
some important features in the pattern, such as the appearance
of a peak (Z ′′max), asymmetric peak broadening (inset Fig. 6).
The values of Z ′′max decrease which shift to higher tempera-
tures with increasing frequency. The asymmetric broadening
of peaks in the frequency plots of Z ′′ suggests that there
is a spread of relaxation times i.e. the existence of a tem-
perature dependent electrical relaxation phenomenon in the
material [21]. Inset Fig. 6 shows the normalized imaginary
parts Z ′′/Z ′′max of the impedance as a function of frequency
for NST at several temperatures. It seems that high tempera-
ture (≥ 300 ◦C) triggers another (grain boundary) relaxation
process.
Figure 7 shows the complex impedance plots at different
temperatures. It is observed that these curves do not coincide
with the origin and hence there is a series resistance Rs that
can be ascribed to the LCR circuit representation (inset Fig. 6)
of the sample [22]. It can be seen from Fig. 8 that the value
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FIGURE 7 Complex impedance plots of NST at
different temperatures. Inset shows the appropriate
equivalent electrical circuit
FIGURE 8 Variation of Rs , Rb, Rgb, Cb and Cgb with the temperature of
NST
of Rs decreases with increasing temperature. For a semicir-
cle at 50 ◦C and from 300 ◦C onwards, two semicircles could
be obtained with different values of resistance for grain (Rb)
and grain boundary (Rgb). Hence, grain and grain boundary
effects could be separated at these temperatures. It can also be
observed that the peak maxima of the plots decrease and the
frequency for the maximum shifts to higher values with the
increase in temperature. The dielectric relaxation in the sys-
tem can be assessed through complex impedance plots. For
Debye type relaxation, the center of the semicircle should be
located on the Z ′-axis, whereas for non-Debye type relaxation
these argand plane plots are close to semicircular arcs with
end-points on the real axis, and the center should lie below
this axis. The complex impedance in such situations can be
described as:
Z∗(ω) = Z ′ + iZ ′′ = R/[1+ (iω/ωo)1−α] , (6)
where α represents the magnitude of the departure of the elec-
trical response from an ideal condition and this can be deter-
mined from the location of the center of the semicircles, when
α → 0, (6) gives rise to classical Debye’s formalism. It can
be seen that the complex impedance plots are not represented
by a full semicircle, rather center that the semicircular arc lies
below the Z ′-axis (α > 0) suggesting the dielectric relaxation
to be of a non-Debye type. This may be due to the presence
of distributed elements in the material–electrode system [22].
Also, it is found that the value of α increases with the rise
in temperature. The correlation among the Debye relaxators
may start developing via formation of nanopolar clusters of
Na–TiO3 and Sb–TiO3 [15, 23]. Since the relaxation times of
the relaxators within polar clusters are distributed over a wide
spectrum at higher temperatures, their response to external
fields are in a different time domain. This results in the devia-
tion from Cole–Cole plots. It is clear from Fig. 7 that with the
increase of measuring temperature Cole–Cole plots split into
two discrete semicircles, inferring the possible average pro-
file of various Cole–Cole semicircles. The split semicircles
may be due to secondary elements like interfacial capacitance
or defects. The first semicircle (may be ascribed to a paral-
lel combination of bulk resistance, Rb and capacitance, Cb)
in the high frequency region, corresponds to the behaviour
of intragranular of the material or bulk properties. The sec-
ond semicircle (may be attributed to a parallel combination
of grain boundary resistance, Rgb and capacitance, Cgb), in
the low frequency region, and represents the grain bound-
ary contribution. It is known that the conductivities of grains
and grain boundaries may be different owing to the different
underlying processes, and thereby they relax in different fre-
quency regions. In such cases the equivalent circuits (inset
Fig. 7) can be represented as a series network of parallel RC
elements [22]. Impedance can then be represented as:
Z∗ = (R−1b + jωCb)−1 + (R−1gb + jωCgb)−1 , (7)
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where
Z ′ = Rb
/[
1+ (ωRbCb)2
]+ Rgb
/[
1+ (ωRgbCgb)2
]
, (8)
and
Z ′′ = ωR2bCb
/[
1+ (ωRbCb)2
]
+ωR2gbCgb
/[
1+ (ωRgbCgb)2
]
. (9)
The values of Rb and Rgb could directly be obtained from the
intercept of the ends of the semicircle on the Z ′- axis whose
variation with temperature is shown in Fig. 8. It can be seen
that the value of Rb and Rgb decrease with the rise of tempera-
ture, which clearly indicates the NTCR character of NST and
supports Fig. 5. The capacitances (Cb and Cgb) due to these
effects can be estimated using the relation:
ωmax RC = 1 , (10)
where ωmax(= 2π fmax) is the angular frequency at the max-
imum of the semicircle. Figure 8 shows the temperature varia-
tion of Cb and Cgb obtained from Cole–Cole plots at different
temperatures. The decrease in the value of Rb of NST asso-
ciated with an increase in conductivity with the rise in tem-
perature. Also, a decrease in Rgb values with the increment
in temperature suggests the lowering of the barrier to the mo-
bility of charge carriers aiding electrical conduction at higher
temperatures.
3.4 Electrical conductivity study
The ac electrical conductivity, in most of the mate-
rials due to localized states is given by the relation:
σac = σ(0)+σ(ω) , (11)
where σ(ω) and σ(0) are respectively, the frequency depen-
dent and independent part of the conductivity. Figure 9 shows
the log–log plot of electrical conductivity versus frequency
at different temperatures. The pattern of the conductivity
spectrum shows dispersion throughout the chosen frequency
range. The frequency dependence of ac conductivity obeys the
relation of type [24]:
σac = A1ωS1 + A2ωS2 , (12)
where A1 and A2 are the temperature dependent constants
and s1 and s2 are temperature as well as frequency dependent
parameters. Such dependence is associated with the displace-
ment of carriers which move within the sample by discrete
hops of length R between randomly distributed localized sites.
The values of the indexes s1 and s2 can respectively, be ob-
tained from the slopes of the plots log σac vs. log ω in the
low and high frequency regions. The inset of Fig. 9 shows the
temperature dependence of s1 and s2. It can be seen that the
values of both s1 and s2 are always less than 1 and decrease
with the rise of temperature. Further, the value of s1 → 0 at
higher temperatures indicates that dc conductivity dominates
at higher temperatures in the low frequency region and follow-
ing (11). The model based on correlated hopping of electrons
over the barrier [25] predicts a decrease in the value of the in-
dex with the increase in temperature, and so is found to be
FIGURE 9 Variation of ac conductivity with frequency at different tem-
peratures for NST. Inset shows the variation of exponents s1, s2 and binding
energy with temperature
consistent with the experimental results. Therefore, the elec-
trical conduction in the system could be considered as due
to the short-range translational type hopping of charge car-
riers [24–26]. This indicates that the conduction process is
a thermally activated process. The exponent si (i = 1 or 2) and
binding energy is related as:
si = 1− (6kBT/Wm) . (13)
A decreasing trend of Wm with temperature has been observed
(inset Fig. 9). The characteristic decrease in slopes (s1 and s2)
with the rise in temperature is due to the decrease in binding
energy.
The ac conductivity data have been used to evaluate the
density of states at Fermi level N(E f ) using the relation [27]:
σac(ω) = (π/3)e2ωkBT {N(E f )}2α−5{ln( fo/ω)}4 , (14)
where e is the electronic charge, fo the photon frequency
and α is the localized wave function, assuming fo = 1013 Hz,
α = 1010 m−1 at various operating frequencies and tempera-
tures. Figure 10 shows the frequency dependence of N(E f )
at different temperatures. It can be seen that the plots show
a minimum up to 300 ◦C. After this temperature the mini-
mum starts disappearing and the value of N(E f ) decreases
with the increasing frequency. Further, it can be noticed the
minima shift towards higher frequency side and the value of
N(E f ) increases with the rise in temperature. The reasonably
high values of N(E f ) suggest that the hopping between the
pairs of sites dominate the mechanism of charge transport in
NST [15].
The hopping conduction mechanism is generally consis-
tent with the existence of a high density of states in the ma-
terials having a band gap like that of a semiconductor. Due
to localization of charge carriers, formation of polarons takes
place and the hopping conduction may occur between the
nearest neighboring sites. Figure 11 shows the variation of
bulk/grain and grain boundary conductivities, obtained from
the impedance data (Fig. 7) against 103/T . The nature of vari-
ation obeys the Arrhenius relationship:
σ = σo exp(−Ea/kBT) , (15)
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FIGURE 10 Frequency de-
pendence of N(Ef ) of NST at
different temperatures
FIGURE 11 Variation of grain and grain boundary conductivity of with the
inverse of temperature for NST. Inset 1 shows the temperature dependence of
ac conductivity at different frequencies. Inset 2 shows the variation of thermal
conductivity of grain and grain boundarys with temperature
where Ea is the activation energy of conduction and T is the
absolute temperature. The nature of variation shows the nega-
tive temperature coefficient of resistance (NTCR) behaviour
of NST. The linear least squares fitting to the conductivity-
temperature data given the values of Ea for grain and grain
boundary. A variation of the slopes in the curve for the grain
can clearly be seen. The values of Ea for the grain in low and
high (from where the effect of grain boundary starts) tempera-
ture regions were estimated, respectively, to be 0.76 eV and
0.27 eV. Also, the value of Ea for grain boundary was found
to be 1.51 eV. The inset 1 of Fig. 11 shows the variation of
ac conductivity with temperature at different frequencies. The
value activation energy (= 0.84 eV at 100 Hz and 0.58 eV at
100 kHz) was obtained by least squares fitting of the data at
higher temperature region. It is observed that the value of ac-
tivation energy decreases with the increase in frequency. It
can be seen that the ac conductivity is almost insensitive in
the low temperature region irrespective of the operating fre-
quencies. Also, the onset temperature (insensitive to sensitive
region) shifts to the higher temperature side with an incre-
ment in frequency. The low value of activation energy obtained
could be attributed to the influence of the electronic contri-
bution to the conductivity. The increase in conductivity with
temperature may be considered on the basis of that within the
bulk, the oxygen vacancies due to the loss of oxygen are usu-
ally created during sintering and the charge compensation fol-
lows the reaction [28]: Oo → 12 O2 ↑ +V ••o +2e−, which may
leave behind free electrons making them n-type [29]. The low
value of activation energy may be due to the carrier transport
through hopping between localized states in a disordered man-
ner. The minimum hopping length, Rmin was estimated using
the relation [30]:
Rmin = 2e2/πεεoWm . (16)
The values of Rmin were found to be of the order of 10−10 m
in low, (room temperature to 300 ◦C) and 10−11 m in high
(300 ◦C onwards) temperature regions. Also, the minimum
hopping distance was found to be 10−4 times smaller than that
of grain size in NST. The thermal conductivity data of grain
and grain boundary for NST are shown in inset 2 of Fig. 11.
NST showed a semiconductor like behaviour resulting in an
increased electronic conduction of the total thermal conduc-
tivity. This electronic thermal conductivity account for the
total thermal conductivity [31] and is given by:
κ = LσT[1+ (3/4π2){(Ea/kBT)+4}2
]
, (17)
where L is the Lorentz number. It is observed that the ther-
mal conductivity of the grain as well as the grain boundary
increases with increasing temperature and it exhibits reason-
ably low thermal conductivity.
4 Conclusions
Polycrystalline (Na0.5Sb0.5)TiO3, prepared through
a high-temperature solid-state reaction technique, was found
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to have a single-phase perovskite-type monoclinic structure.
Impedance analysis indicated the presence of grain and grain
boundary effects in NST. The dielectric relaxation in the sys-
tem was found to be of the non-Debye type. The complex
impedance plot and conductivity studies showed the NTCR
character of NST. The correlated barrier hopping model was
found to successfully explain the mechanism of charge trans-
port in (Na0.5Sb0.5)TiO3.
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